The utility of ion beam analysis (IBA) techniques to quantitatively determine impurities in carbon nanotubes (CNTs) over a wide range of atomic numbers is demonstrated. Such techniques have not previously been used to monitor impurities and their effects in this unique material. Despite the difficulty in mounting the samples (which generally are formed into a powdery aggregate rather in a thin film), it is shown that reliable and accurate measurements of impurity concentrations can be achieved. Particle-induced X-ray emission (PIXE) and elastic recoil detection (ERD) analyses were used to characterize both metallic and very light (e.g., hydrogen) impurities in CNTs. This paper reports the first direct measurement of hydrogen in CNTs using an IBA technique. This is significant because CNTs are being actively investigated for hydrogen storage technology for energy applications.
Introduction
Carbon nanotubes (CNTs) were discovered in 1991 by Iijima. 1 They are long, thin cylinders of carbon that can be thought of as a sheet of graphite (a hexagonal lattice of carbon) rolled into a cylinder. These unique macromolecules exhibit remarkable physical and electrical properties. The properties depend on the different varieties of nanotube (defined by its diameter, length, and chirality), as well as the number of walls that comprise the tube. A tube consisting of a single cylindrical wall is referred to as a single-walled nanotube (SWNT), whereas multiwalled nanotubes (MWNTs) consist of an array of cylinders inside other cylinders. A double-walled nanotube (DWNT) is a multiwalled tube consisting of only two cylindrical walls. Carbon nanotubes are ultrastrong, elastic, and durable. The measured elastic strength of SWNTs, i.e., Young's modulus, has yielded a value close to 1 TPa, which is approximately 5 times larger than the value for steel. 2 Also, CNTs have unique electronic properties. They can behave either as a metal or a semiconductor. (For example, see http://www.ugc.edu.hk/rgc/rgcnews3/Pages/ Nano1-EN.html and http://www.aip.org/png/html/nanotube.htm.)
Contaminants can greatly influence the measured properties of CNTs (as in other materials), making it difficult to determine intrinsic effects. Commercially available CNTs contain substantial amounts of impurities including metals, introduced intentionally as a catalyst during growth, and carbonaceous material other than nanotubes. Alternatively, impurities such as hydrogen in CNTs have been intentionally introduced to determine the potential of CNTs for use in a hydrogen storage technology. Because hydrogen has great potential as an energy source, an efficient storage medium is required before hydrogen becomes useful in energy applications. The unique architecture of CNTs makes them potentially the best carbon-based absorbent for hydrogen. Several research groups have reported storage capacities of ∼4 wt % in SWNTs. Unfortunately, these results have not been reproducible, partly because of lack of control in the synthesis of the SWNTs and the ambiguity in the monitoring process for hydrogen absorption/desorption.
It is clear that impurities and their effects in CNTs are an important area of interest in the understanding and commercialization of this unique material. To this end, we have used a variety of ion beam analysis (IBA) techniques to characterize CNTs. To our knowledge, this is the first report detailing the analyses of this material using IBA techniques. Particle-induced X-ray emission (PIXE) analysis was done to identify impurities and their concentrations in the various samples. PIXE is sensitive to impurities with atomic number g12, which includes most metallic impurities found in CNTs. PIXE measurements were done in different forms of CNTs including SWNTs, DWNTs, and MWNTs, as well as material from different vendors. Additionally, direct measurements of hydrogen using elastic recoil detection analysis (ERDA) were performed. This is the first report of a direct measurement of hydrogen in CNTs. Other techniques, such as weight analysis, residual gas analysis, etc., do not directly measure hydrogen but rather measure another parameter that must be related to the amount of stored hydrogen. Application of a direct measuring technique such as ERDA has the potential to resolve some of the ambiguities in the monitoring process for hydrogen absorption and release in CNTs.
PIXE Analysis
PIXE is a well-established analytical method for multielemental determination that is based on ion bombardment to produce characteristic X-rays of the elements present in the material. 3 In the present experiment, samples were irradiated with 1.5 MeV protons using a 2.5 MV van de Graaff accelerator at the University of North Texas. As shown in Figure 1 , the HPGe X-ray detector was positioned at a backscattering angle θ ) 145°, and the beam's incident angle on the sample was R ) 17°. Samples were electrically insulated and biased at +300 V to collect secondary electrons during current integration, which is used for determining the number of incident protons on the sample (N p ) during spectral acquisition.
Because electronic excitation occurs along much of the ion range, the total X-ray yield is a result of depth-dependent factors that must be integrated to yield the average impurity concentration in the bulk. The average mass concentration for each element is therefore given for every measurable element by the following expression where N X is the number of counts for the K R or L R transition in the X-ray spectrum, A Z is atomic mass of the element, Z is the detector's absolute efficiency for the K R or L R transition, b Z is the intensity fraction of the K R or L R transition, 4 N p is the number of incident protons, σ Z is the elemental K-shell or L-shell X-ray production cross section, T Z is the transmission in the sample for the K R or L R X-ray, and S M is the stopping power of the matrix of the sample. The transmission factor determines the attenuation of the X-rays along the outward path originating from within the sample to the detector. This factor is given by T Z ) e -µ(E)δx , where µ(E) is the mass attenuation coefficient for the characteristic X-ray of energy E, δ is the sample density, and x is the length that the X-rays travel in the sample.
The evaluation of the integral in eq 1 requires that values of the various parameters be obtained. To this end, the AXIL code 5 was first used to fit the spectra to extract the area of each peak. Next, it was assumed in the determination of T Z and S M that the sample matrix was 100% carbon. Values for the mass attenuation coefficients were obtained from ref 6, and discrete values for S M and σ Z were obtained from the SRIM 7 and ISICS 8 codes, respectively. A polynomial function was fitted to each of these sets of values to evaluate eq 1 using Mathcad.
Sample Preparation for PIXE. The CNTs samples were in two forms: powder and small balls of ∼1 mm in diameter (buckypearl nanotubes). These materials were sandwiched between two plastic foils: 8.5-µm-thick Kapton foil on one side and 0.15-µm-thick AP1 Moxtek 9 film on the another side. Each foil was mounted on an aluminum frame. The beam entered the sample through the Moxtek film. The Moxtek frame was covered with carbon tape to avoid characteristic X-ray production due to the scattered beam. Secondary X-ray fluorescence in the frames was completely negligible. The Moxtek films were 25 µg/cm 2 , which is thin enough to avoid corrections due to beam energy loss and X-ray attenuation. These films are also virtually free of contaminants. Only a small number of Fe K X-rays were introduced by the Moxtek film in each spectrum, which is completely negligible compared to the number of Fe K X-rays coming from the sample.
X-ray Detector Efficiency. The efficiency of the X-ray detector was determined using 18 K R transitions of different elements prepared as thin targets according to ref 10 . These measurements were done using a 1.5 MeV 4 He +1 beam. The experimental setup was the same as the one shown in Figure 1 but with the addition of a surface barrier detector (SBD) placed at an angle of 150°to the beam direction (opposite to the X-ray detector). The X-ray excitation and Rutherford backscattered (RBS) spectra were taken simultaneously to evaluate the detector's absolute efficiency independently of the target thickness and the total ion fluence. The efficiency for each K transition was calculated using the formula where N X is the number of counts corresponding to the K R transition in the X-ray spectrum, N R is the number of counts in the RBS spectrum for the corresponding element, ∆Ω is the solid angle of the SBD, σ R is the RBS cross section, 11 σ X is the X-ray production cross section for the K shell, 12,13 and b Z is the intensity fraction of the K R transition. 4 A polynomial fit was done using lspline and interp functions of Mathcad 8.0 to the natural logarithm of the experimental values. The efficiency curve is shown in Figure 2 .
PIXE Results. Table 1 lists the nanotube materials analyzed using PIXE and some of their characteristics. Figure 3 shows the PIXE spectrum for the sample labeled as SWNT (1.4 nm) in Figure 4a .
The PIXE results are summarized in Figure 4a for the SWNTs used in this study (see Table 1 ). The bar graph in the figure gives the mass concentration as a function of the various elements detected in the samples. The results show that all of the SWNTs (independent of vendor and average size) contain large amounts (∼9% or less) of metallic impurities. Elemental variations among the various types of SWNTS are mainly due to the different catalytic materials used by the vendors during growth. Despite these variations, the total amount of metallic impurities given on the right side of the figure is nearly the same in all of the SWNTs samples. Figure 4b gives the impurity 
concentrations in the different types of nanotubes (SWNTs, DWNTs, and MWNTs), as well as graphite. Significant differences are observed in these samples. It is clear that both SWNTs and DWNTs contain substantially more metallic impurities than either MWNTs or graphite. The Nanostructured & Amorphous Materials, Inc., Web page (www.nanoamor.com) shows the certificate of analysis for some of the impurities we have detected in the CNT samples. Although our results are in very good agreement with their analysis, the PIXE results indicated a number of other impurities that were not reported in their certificate of analysis.
ERD Analysis
Elastic recoil detection [14] [15] [16] [17] (ERD) is an IBA technique for quantitative analysis of light elements in solids. The sample to be analyzed is irradiated with an ion beam (e.g., He, C, or O ions) of several megaelectronvolts. Light elements (e.g., H, D) from the sample are scattered in the forward directions through nuclear interactions between the incident ions and the atoms in the sample. The recoil ions are detected with an SBD. From the measured energy spectrum of the recoils, a concentration depth profile can be calculated. [18] [19] [20] The detection of scattered ions from the incident ion beam is normally suppressed with the use of a stopper foil in front of the detector in order to avoid background. Because the stopper foil is thick enough to stop the scattered beam, the recoils heavier than the mass of the beam ions will also be stopped. For low ion energies (<0.3 MeV/ amu), the scattering cross section can be calculated assuming Rutherford scattering. For higher energies, experimentally measured cross sections have to be used in most cases. The accuracy of this technique (∼10%) is limited by the uncertainties in the stopping power values of the sample material, experimental cross-section values, and geometrical uncertainties.
The ERD measurements were done using the same beam line as used for the PIXE measurements. The experimental setup is shown in Figure 5 . The 1.7 MeV 4 He +1 beam struck the sample with an incident angle of 75°. The scattered hydrogen ions were detected with an SBD at 30°to the beam direction. A 7.5 µm Mylar foil was used to filter out the scattered beam and heavier scattered elements from the sample. The beam current on the sample was ∼20 nA.
The hydrogen spectra were analyzed using the SIMNRA code. 21, 22 SIMNRA is a program for the simulation of backand forward-scattering spectra for ion beam analysis with megaelectronvolt ions. SIMNRA is mainly intended for the simulation of spectra with non-Rutherford backscattering cross sections, nuclear reactions, and ERD analysis.
The results were normalized using a tungsten mesh, which has an open area of 77.4% and wire diameter of 0.0015-in. according to vendor specifications. This mesh is placed upstream at ∼70 cm from the target and is electrically insulated. A fraction of the beam interacts with the mesh producing a net current that is integrated by a current integrator. The mesh is inside a cylinder biased at -300 V to avoid electrons escaping from the mesh. Our test indicates that this voltage is adequate to suppress all secondary electrons. The cylinder axis is along the beam line and a hole at each base allows the beam to pass through. Under these conditions, the mesh produced a current that was 25% of the beam current on the target.
A Kapton film was used as the hydrogen standard to normalize the results. A Kapton film was irradiated several times before and after the sample measurements to check beam stability and reproducibility of the data. For each measurement, a new Kapton foil was used.
Sample Preparation for ERD. The samples that were analyzed are listed in Table 2 . Each sample was sealed to a silicon wafer, and the silicon wafer was mounted on a rotatable feedthrough to adjust the beam incident angle on the sample. The Zyvex film was held with carbon tape, to the silicon wafer. For the other materials, a silicon wafer was covered with carbon tape and the nanotubes/fibers were evenly spread across it; then the material was pressed with a clean stainless steel scoopula to form a smooth surface. The thickness of the material was sufficient to avoid producing protons on the tape that would reach the detector.
ERD Results. Five spectra were acquired for each sample and standard. Each spectrum was acquired using 1 µC integrated charge through the mesh. For each sample and Kapton standard, we found that the total hydrogen count in the spectrum decreases linearly for each successive run down to ∼70% for the fifth run relative to the first one. This effect might be because of diffusion of hydrogen from the beam spot due to a temperature gradient 23 or ion-induced release. 24 To obtain the hydrogen concentration in the sample, the total spectrum corresponding to the five runs was used to decrease the statistical uncertainty. The calculation of the hydrogen concentration for each of the five runs gave the same result. The average hydrogen concentration obtained for the five runs was extrapolated linearly to zero charge to account for the out diffusion of the hydrogen. Figure  6 shows a typical spectrum for the Kapton foil and MWNT sample corresponding to the five spectra added together. Also, Figure 6 shows the SIMNRA simulation to fit each spectrum. The proton elastic recoil cross sections used were those in ref 25 .
We used the Kapton spectra to determine the relationship between the integrated charge through the mesh and the number of ions striking the sample multiplied by the detector solid angle. This was done by using the SIMNRA code to match the spectrum and simulation area in the energy range between 150 and 600 keV. For the particular setup and integrated charge for these measurements, the hydrogen weight detection limit was estimated to be ∼10 ppm.
The ERD results are shown in Table 2 . The different values for the SWNTs and MWNTs correspond to samples from different batches. Although the measurements were done only on samples as supplied by the vendor and no attempts were made to absorb additional hydrogen, carbon nanofibers (CNFs, see structural characteristics of this material in ref 26) were found to contain a substantially higher hydrogen concentration (0.15 wt %) than any of the nonfunctionalized CNTs (0.022-0.058 wt %). Although the concentration is well below the targeted concentration established by the Department of Energy of 6.5 wt % (www.energy.gov), the results are encouraging and suggest that this material might offer more potential as a storage medium than the CNTs.
The high hydrogen concentration measured in the Zyvex films (1.5 wt %) is attributed to the binder used to form the nanotubes into a thin film. The Zyvex film is not considered as a viable hydrogen storage medium.
Conclusions
Results of ion beam analyses of different types of CNTs were presented. A variety of analysis techniques are available to provide elemental analyses over an extended range of atomic number including hydrogen. Hydrogen profiling of the CNTs using ERDA provided the first direct measurement of hydrogen in this technologically important material. Such measurements should help in the understanding of hydrogen absorption/ desorption in CNTs and lead to optimization of this material for use in hydrogen storage technology. Figure 5 . The stopper foil was 7.5-µm Mylar. Spectrum broadening due to geometrical effects in the experimental setup was included in the simulation program.
